Metamorphic isograds and time-integrated fluid fluxes were mapped over the ~ 1500 km 2 exposure of the Waits River Formation, eastern Vermont, south of latitude 44°30'N. Isograds based on the appearance of oligoclase, biotite, and amphibole in metacarbonate rocks define elongated metamorphic highs centered on the axes of two large antiforms. The highest-grade isograd based on the appearance of diopside is closely associated spatially with synmetamorphic granitic plutons. Pressure, calculated from mineral equilibria, was fairly uniform in the area, 7± 1-5 kb; calculated temperature increases from ~480°C at the lowest grades in the area to ~575°C in the diopside zone. Calculated X CC)2 of equilibrium metamorphic fluid increases from <0O3 at the lowest grades to ~0-2 in the amphibole zone and decreases to ~ 0-07 in the diopside zone. The mapped pattern of time-integrated fluxes delineates two large deep-seated (~25-km depth) regional metamorphic hydrothermal systems, each centered on one of the major antiforms. Fluid flowed subhorizontally perpendicular to the axis of the antiforms from their low-temperature flanks to their hot axial regions and drove prograde decarbonation reactions as they went. Along the axes of the antiforms fluid flow was further focused around synmetamorphic granitic intrusions. In the hot axial region fluid changed direction and flowed subvertically out of the metamorphic terrane, precipitating quartz veins. Estimates of the total recharge, based on progress of prograde decarbonation reactions, nearly match estimates of the total discharge, based on measured quartz vein abundance, (2-10) x 10 12 cm 3 fluid per cm system measured parallel to the axes of the antiforms. Within the axial regions fluids had lower X COl and rocks record greater time-integrated fluxes close to the intrusions than at positions more than ~ 5 km from them. The differences in both fluid composition and time-integrated flux can be explained by mixing close to the intrusions of regional metamorphic fluids of XQQ^O-I with fluids from another source with X COl~0 in the approximate volume ratio of 1:2.
INTRODUCTION
Fluids play a vital role in geological processes deep in the Earth's crust during regional metamorphism (Walther, 1990) . Chemical interaction between rock and fluid can alter rocks' chemical and isotopic composition (e.g., Ferry, 1982; Rumble et al., 1982) . Fluid is an effective transport agent of heat, and flowing fluid may control the distribution of heat at least at certain times and places in the crust (Bickle & McKenzie, 1987; Hoisch, 1987; Brady, 1988; Chamberlain & Rumble, 1988) . The presence of fluid in rocks will profoundly affect their strength, permeability, electrical and thermal conductivity, compressibility, and elastic wave velocity (Brace, 1972) . Fluids can control the style and mechanisms of rock deformation (Etheridge et al, 1983 (Etheridge et al, , 1984 . Infiltration of rock by fluid almost inevitably results in chemical reactions between fluid and minerals, and the reactions determine rocks' mineralogical and petrological evolution (e.g., Ferry, 1983a; Tracy et al, 1983; Hoisch, 1987) .
Because of the vital role of fluids in metamorphism, an important goal of metamorphic petrology is to identify the amount and geometry of fluid flow in metamorphic terranes and to characterize first-order controls on the flow pattern. To this end, methods have been developed to determine where reactive fluids have flowed in the crust and to gauge their amounts using both petrologic and stable isotopic techniques (e.g., Taylor, 1977; Rumble et al, 1982; Ferry, 1986; Baumgartner & Ferry, 1991) . The methods are particularly effective with impure carbonate rocks because (a) unmetamorphosed carbonate rocks have a narrow range of stable isotopic composition that is very different from that of typical deep crustal fluids and (b) the progress of decarbonation reactions is especially sensitive to the flow of aqueous fluids. In regional metamorphic terranes, however, carbonate rocks often either occur as a minor lithology in units that are dominantly pelitic schist and metasandstone or constitute a map unit with only limited areal extent. Consequently, there is a persistent question whether what is learned from carbonate rocks can be generalized to the metamorphic terrane as a whole. A notable exception to this generalization is the Waits River Formation, eastern Vermont, which is both dominantly impure carbonate rock (^50% in most outcrops) and of wide areal extent (the outcrop area is ~ 2000 km 2 in Vermont). The progressive metamorphism of marls from the Waits River Formation between latitude 44°30 r N and the Massachusetts border therefore was investigated to characterize the amount, geometry, and controls of metamorphic fluid flow on a scale commensurate with that of an entire metamorphic belt.
Geologic setting
Geological relations in the Waits River Formation south of 44°30 r N ( Fig. 1 ) are well known (Doll, 1944; White & Jahns, 1950; White & Billings, 1951; Lyons, 1955; Murthy, 1957; Hall, 1959; DoU et al., 1961; Konig, 1961; Em, 1963; Chang et al, 1965; Woodland, 1977; Hepburn et al., 1984; Hatch, 1988a, 19886) . The formation is composed of micaceous limestones and calcareous shales and their metamorphic equivalents. The thickness of individual beds is highly variable but typically in the range 10-100 cm. Regionally the proportion of carbonate rock varies from 30-50% in the west to 50-80% in the east (Hatch, 1988a) . The Waits River Formation lies in sedimentary contact beneath the Gile Mountain Formation to the east (Fisher & Karabinos, 1980) and the Northfield Formation to the west (the Northfield Formation is too thin to appear along much of this contact at the scale of Fig. 1 ). The contacts between the Northfield and Gile Mountain Formations and older Cambro-Ordovician rocks traditionally have been considered unconformities (Doll et al, 1961) , but recent work suggests they may be faults (Hatch, 1988a .
The stratigraphic age of the Waits River Formation is a matter of debate. Doll et al. (1961) concluded it was Devonian. Two of the recent 40 Ar/ 39 Ar ages determined by Spear & Harrison (1989) from hornblende in the Waits River and overlying Gile Mountain Formations are Silurian and Ordovician, 425-440 Ma (four other hornblendes yield Devonian ages). Based on discovery of plant fossils in the Gile Mountain Formation, Hueber et al (1990) , however, were able to assign unequivocally a Devonian age to at least part of the formation. While recognizing that the two hornblende dates of Spear & Horrison are problematic, Hueber et al concluded that field, paleontologic, and radiometric data are most consistent with Silurian-early Devonian age for the Waits River, Gile Mountain, and Northfield Formations. The Waits River Formation was folded into recumbent folds and structural domes, intruded by synmetamorphic granitic plutons, and regionally metamorphosed during the Devonian Acadian Orogeny (Thompson et al., 1968; Thompson & Norton, 1968; Osberg et al, 1989) . Two antiforms pass through the area of Fig. 1 . The Guilford dome lies along the axis of the northern end of the Shelburne Falls-Waterbury antiform (Osberg et al., 1989) , which extends southward through Massachusetts and Connecticut. The Athens, Chester, Pomfret, and Strafford domes and the Knox Mountain pluton lie along the axis of the Willoughby-Chester antiform [Strafford-Willoughby arch of Doll et al. (1961) ], which extends northward into Canada. Both antiforms are regional structural features at least 150-250 km in length (Osberg et al., 1989) . With respect to minerals in pelitic schists, the Waits River Formation was regionally metamorphosed to conditions corresponding to the biotite, garnet, and kyanite zones (Fig. 2) . The axes of the two antiforms are coincident with metamorphic highs defined by the pelitic schists (simplified after Doll et al, 1961) . Numbers refer to sample localities listed in Tables 7 and 9. at Dana Medical Library, University of Vermont on January 28, 2011
petrology.oxfordjournals.org Downloaded from kyanite zone. Synmetamorphic granitic plutons, only the largest of which is shown in Figs. 1 and 2, intruded along the axis of both antiforms. Garnet, staurolite, and kyanite porphyroblasts grow across foliation associated with the earliest recumbent folds. Although zoned garnet porphyroblasts from the Strafford dome record decompression and cooling (Menard & Spear, 1990) , pressures recorded by mineral equilibria within the dome are higher than those outside (Menard & Spear, 1990 , Barnett, 1990 . The peak of regional metamorphism therefore post-dated recumbent folding and was contemporaneous with or slightly predated development of the domes and antiforms. Radiometric dates from hornblendes collected in and near the domes are 350-397 Ma (Spear & Harrison, 1989) , and regional metamorphism within the axis of the antiforms, the focus of this study, is unequivocally Acadian in age.
Methods of investigation Samples of impure carbonate rock were collected from ~ 250 localities within the area shown in Fig. 1 ; most were large, freshly exposed roadcuts. More than one sample was studied at six sample locations to assess spatial variability in metamorphic fluid flow at the scale of individual outcrops. Mineral assemblages were identified in thin section with optical petrography, scanning electron microscopy, and qualitative energy-dispersive spectrometry (EDS) electron microprobe analysis. The compositions of all minerals except quartz and accessory phases were determined in 181 carbonate samples from 163 localities using the JEOL JXA-8600 electron microprobe at Johns Hopkins University and natural and synthetic mineral standards. Analyses of selected minerals were obtained in carbonate rocks from an additional 17 localities. X-Ray data for silicates were reduced using the method of Bence & Albee (1968) with correction factors by Albee & Ray (1970) ; data for carbonates were reduced using a ZAF scheme provided by the manufacturer. Whole-rock majorelement chemical analyses of 167 carbonate samples were performed using X-ray fluorescence methods by X-ray Assay Laboratories, Ltd., Don Mills, Ontario. The accuracy of results from this laboratory was verified in earlier studies by analyses of rock standards (Ferry, 1988) . The modal amounts of pyrite, pyrrhotite, and chalcopyrite were measured in all 198 samples by counting 2000 points in reflected light in thin section. Modal amounts of rutile, sphene, muscovite, chlorite, biotite, amphibole, clinozoisite, and/or calcite were determined in selected samples by counting an additional 2000 points in transmitted light. Volume amounts of minerals were converted to molar amounts (per reference liter of rock) using molar volume data (Robie et al., 1967; Hewitt & Wones, 1975; McOnie et al., 1975) .
Thirty-five samples of pelitic schist and micaceous sandstone were collected from seven locations in the Waits River Formation and 21 locations in the Gile Mountain Formation. The compositions of all minerals except quartz and accessory phases in the 35 samples were determined by electron microprobe as described above. Data from 23 of the locations were used to constrain the P-T conditions of regional metamorphism (Fig. 2) .
The density of quartz veins was estimated in 11 outcrops of the Waits River Formation by measuring the length of quartz veins at eye level along the exposure. Vein density was taken as the ratio of the total length of quartz veins to the total length of the exposure. Ankerite-albite zone At the lowest grades of metamorphism in the ankerite-albite zone all carbonate rocks contain ankerite, calcite, quartz, muscovite, rutile, graphite, and various combinations of pyrite, pyrrhotite, and chalcopyrite. In addition, approximately two-thirds contain paragonite and all but two contain albite. Chlorite is relatively uncommon; it occurs in seven out of 29 samples studied from the ankerite-albite zone with an average of 06 modal % for the entire zone. The ankerite-albite zone is restricted to the extreme western and eastern margins of the outcrop area of the Waits River Formation (Figs. 3 and 4) . Reaction (1), at the point in the field where it changes plagioclase composition to A" marks the low-grade limit of the ankerite-oligoclase zone (Figs. 3 and 4) . Except for a change in plagioclase composition and a decrease in the abundance of paragonite, the mineralogy of almost all carbonate rocks studied from the ankerite-oligoclase is identical to that in the ankerite-albite zone. The exceptions are two samples in the ankerite-oligoclase zone that additionally contain a trace amount of clinozoisite and one that contains trace clinozoisite and garnet. The first appearance of biotite in the field marks the low-grade limit of the biotite zone. The biotite zone occupies bands, oriented approximately north-south, that lie along both the western and eastern flanks of the Willoughby-Chester and Shelburae Falls-Waterbury antiforms (Figs. 3 and 4) . The typical assemblage in the biotite zone is biotite + muscovite + ankerite + calcite + quartz + plagioclase + rutile + graphite ± chlorite, with various combinations of pyrite, chalcopyrite, and pyrrhotite. Paragonite is absent; chlorite is more widely distributed and occurs in slightly greater average abundance (0-7 modal % for the entire zone) than in the ankerite-albite or ankerite-oligoclase zones. Eleven of 72 samples studied from the biotite zone contain clinozoisite; 13 contain sphene or ilmenite in addition to rutile.
MINERAL ASSEMBLAGES AND METAMORPHIC ZONES

Ankerite-oligoclase zone
Amphibole zone
At still higher grades reaction (2) The appearance of amphibole in the field marks the low-grade limit of the amphibole zone, and its irregular disposition in part reflects that amphibole does not develop in those samples in which ankerite is consumed before muscovite by reaction (2). Nevertheless, the amphibole zone clearly defines a metamorphic high coincident with the axes of both the antiforms and with the metamorphic highs defined by the kyanite zone (Figs. 2-4) . The typical assemblage in the amphibole zone is amphibole + biotite + chlorite + calcite + quartz + plagioclase + rutile + sphene + graphite ± ankerite ± clinozoisite, with various combinations of pyrite, chalcopyrite, and pyrrhotite. Chlorite is more abundant than in the biotite zone (average of 1-3 modal % for the entire zone). Of the 31 samples studied from the amphibole zone five contain a small amount of muscovite, another five contain a small amount of clinozoisite, and one contains ilmenite instead of sphene. Eight samples contain rutile but not sphene and three contain sphene but not rutile.
Diopside zone
At the highest grade of metamorphism diopside and K-feldspar appear and amphibole and biotite disappear, or nearly so, by a model net reaction that corresponds to the The appearance of diopside in the field marks the low-grade limit of the diopside zone, which is spatially restricted to narrow regions immediately adjacent to synmetamorphic plutons (Figs. 3 and 4) . The typical assemblage in the diopside zone is diopside + K-feldspar + calcite + quartz + plagioclase + clinozoisite + sphene + graphite, with various combinations of chalcopyrite and pyrrhotite. Small amounts of biotite occur, in addition, in five of the 12 samples studied from the diopside zone. Table 2 presents the composition of all minerals except quartz and accessory phases in the 26 representative samples listed in Table 1 . No analyses were obtained of quartz, rutile, sphene, graphite, or sulfides. Analyses in Table 2 typically represent the average of five individual 'spot' analyses of 2-3 grains of each type of mineral in one thin section. Mineral analyses may be converted to the conventional form of oxide wt.% (with all Fe as FeO) using the cation proportions and the sum of oxides listed for each analysis.
MINERAL CHEMISTRY
Sheet silicates
Muscovite occurs in all analyzed samples from the ankerite-albite and ankeriteoligoclase zones, most of those from the biotite zone, and a few from the amphibole zone. The composition of muscovite from the different zones is remarkably similar, with Na/(K + Na)~0-l and Si ~ 3-15, Fe + Mg + Mn ~ 0-2, and Ti~0-02 atoms per 12 oxygen atoms (Table 2A) . Measured Na/(K + Na) is not consistently greater for muscovite coexisting with paragonite than for muscovite in rocks without paragonite.
Paragonite is restricted to the ankerite-albite and ankerite-oligoclase zones and is nearly an (Na,K)Al 3 Si 3 O 10 (OH) 2 solid solution typically with <~(M)2 (Fe + Mg + Mn + Ti) atoms per 12 oxygen atoms (Table 2A) . Although all paragonite coexists with muscovite, measured Na/(K -l-Na) is variable, 0-87-0-95. Unlike muscovite, all analyzed paragonite has Al> Si and Si<3 atoms per 12 oxygen atoms.
Biotite occurs in all analyzed samples from the biotite and amphibole zones and in approximately hah" from the diopside zone. Average biotite compositions are not significantly different in the biotite and amphibole zones (Table 2B) Chlorite is uncommon in the ankerite-albite and ankerite-oligoclase zones, common in the biotite zone, and occurs in almost all analyzed samples from the amphibole zone. Average chlorite contains ~2-7Si, ~2-7Al, and ~4-6(Fe + Mg + Mn) atoms per 18 oxygen atoms (Table 2C ). The greatest chemical variation is in Fe/(Fe + Mg), which generally is in the range 005-045. On average, the Al content and Fe/(Fe + Mg) of chlorite both decrease slightly with increasing grade of metamorphism. Carbonates Calcite is ubiquitous in marls from the Waits River Formation. Although calcite composition is close to CaCO 3 , calcite coexisting with ankerite contains more Mg + Fe + Mn (003-009 atoms per 3 oxygen atoms) than calcite in rocks without ankerite (Fe + Mg + Mn = 001-005 atoms) (Table 2D) . Almost all analyzed calcite in the diopside zone is 2s99mol% CaCO 3 .
Ankerite is ubiquitous in the ankerite-albite and ankerite-oligoclase zones, common in the biotite zone, and occurs in approximately one-third of the analyzed samples in the amphibole zone. It is nearly a Ca(Fe, MgXCO 3 ) 2 solid solution with Fe/(Fe + Mg) ~ 0-04-O35 (Table 2E ). In general, Fe/(Fe + Mg) of ankerite decreases with increasing grade.
Feldspars
Plagioclase occurs in all metamorphosed marls from the Waits River Formation. By definition, the composition of plagioclase in the ankerite-albite zone is X. n =0-Ol. The X tB of plagioclase initially increases with increasing grade from 01-05 in the ankerite-oligoclase zone to O2-O9 in the biotite zone to O4-O9 in the amphibole zone (Table 2F ). Plagioclase in the diopside zone is more sodic than in the amphibole zone, X tB = O4-O6.
K-Feldspar is restricted to and observed in all analyzed samples from the diopside zone. It is nearly a (K, Na)AlSi 3 O 8 solid solution with K/(K + Na) in the narrow range O92-O95 (Table 2J) .
Orthosilicates
Clinozoisite occurs in a few samples from the ankerite-oligoclase, biotite, and amphibole zones, and is ubiquitous in the diopside zone. It is nearly a Ca 2 (Al, Fe) 3 Si 3 O 12 (OH) solid solution with Fe/(A1 + Fe) in the narrow range 009-011 in the ankerite-albite, biotite, and amphibole zones (Table 2G) . On average, clinozoisite in the diopside zone is more aluminous, with Fe/(Fe + Al) = 003-011.
Garnet was observed in only one sample from the ankerite-oligoclase zone and one from the diopside zone. Garnet from the diopside zone is nearly a Ca 3 (Al, Fe) 2 Si 3 O 12 solid solution with Fe/(Fe + Al) = 009. Garnet from the ankerite-oligoclase zone is an almandine-grossular-spessartine-pyrope solid solution with ^F e = O59, X CM =0-24, X Ma = O09,andAT Mt = O08.
Chain silicates
Calcic amphibole occurs in all analyzed samples from the amphibole and diopside zones. Typical amphibole in the amphibole zone primarily deviates from a Ca 2 (Fe, Mg) 5 Si 8 O 22 (OH) 2 solid solution by incorporation of ~016 Na and ~ 1-2 Al atoms per 24 oxygen atoms (Table 2H) . Individual amphibole compositions, however, are variable in the amphibole zone, with Fe/(Fe + Mg) in the wide range 008-041, and Al = 04-2-6 and Na = 006-036 atoms per 24 oxygen atoms. Amphiboles from the diopside zone contain distinctly less Na and Al and have higher Fe/(Fe + Mg) (Table 2H) .
Diopside is ubiquitous in the diopside zone. It is nearly a Ca(Fe, Mg)Si 2 O 6 solid solution with Fe/(Fe + Mg) = 01-O4. The principal deviation of diopside from the idealized formula is incorporation of ~004 Al and ~O01 Na atoms per 6 oxygen atoms (Table 21) . Tables 1 and 2 are  listed in Table 3 . As expected for impure siliceous carbonate rocks, the major oxide constituents of marls from the Waits River Formation are CaO, SiO 2 , and CO 2 (the majority of loss on ignition). On a wt% basis other oxides are relatively minor and variable.
Whole-rock atomic ratios K/Al, Na/Al, Fe/Al, Mg/Al, Ca/AJ, Ti/Al, and Si/Al for all but five analyzed samples from each metamorphic zone were averaged to assess major-element mobility for the formation as a whole (Table 4A) . Five samples with < 1 wt.% A1 2 O 3 were not considered because of large errors in these ratios for rocks with low Al contents. The mean value of each ratio for each zone is within 1 S.D. of the corresponding element ratio for each of the other zones. Relative to aluminum, there is no significant difference in the average major-element composition of marls in the five metamorphic zones. Regional metamorphism of the Waits River Formation, as a whole, therefore appears to have been isochemical (except for decarbonation and dehydration) within the resolution of the wholerock chemical analyses. The analysis of mean atomic ratios in Table 4A , however, does not preclude significant element mobility that could have occurred at a scale larger than individual hand specimens but smaller than the size of the metamorphic zones. Reconstruction of prograde mineral reactions (next section), in fact, suggests that there was probably some redistribution of K and Na within the biotite, amphibole, and diopside zones at a scale larger than hand specimens but small enough that the average composition of the metamorphic zone as a whole was unaltered.
PROGRADE MINERAL REACTIONS
Mineral abundances
The abundances of minerals in 167 samples of metacarbonate rock were determined from a combination of modal, mineral chemical, and whole-rock chemical data following the procedure of Ferry (1987, 1988) . The modal amounts of pyrite, pyrrhotite, chalcopyrite, chlorite, and clinozoisite in all samples and of muscovite + paragonite, biotite, rutile, sphene, and amphibole in selected samples were measured directly. A small amount of graphite in all samples (<1%) was ignored. The molar amount of quartz, calcite, ankerite, plagioclase, diopside, and K-feldspar, and in some cases, muscovite, biotite, rutile, sphene, and amphibole was then calculated from a set of mass balance equations of the form where i/Al is the whole-rock atomic ratio of element i to Al (obtained from whole-rock chemical data), <x tJ is the number of atoms of i per formula unit of mineral; (obtained from mineral analyses; see Table 2 for mineral formula units), and mj is the number of moles of mineral j per liter of rock. Generally, six values of ntj were calculated from five equations (6) with j = K, (Fe + Mg + Mn), Ca, Ti, and Si, along with the requirement that the volume of rock that contains the minerals is 1 liter, i.e., £>,)= 1000
where Vj is the molar volume of mineral j in cm 3 . Calculated results for 26 representative samples are given in Table 1 . Mineral abundances are probably accurate to only two or three significant digits. Results in Table 1 are reported to 3-5 significant digits, however, to avoid roundoff errors in subsequent calculations.
Calculated protoliths
Ankerite-albite zone equivalents
The very low grade protoliths of samples now in the ankerite-oligoclase, biotite, amphibole, and diopside zones were rocks whose mineralogy was that of samples now in the ankerite-albite zone: muscovite, paragonite, ankerite, calcite, albite, quartz, rutile, chlorite, graphite, and Fe-sulfides (Table 1) . Accessory graphite and sulfides were considered inert for simplicity; their abundances in each protolith were arbitrarily taken as their present measured abundances. The average measured amount of chlorite in the ankerite-albite and ankerite-oligoclase zones is very similar. The abundance of chlorite in protoliths to samples in the ankerite-oligoclase zone therefore was considered the same as the measured amount now in each rock. The amount of chlorite in metacarbonate rocks from the biotite and amphibole zones, however, is significantly greater on average than in rocks at lower grade. The amount of chlorite in protoliths of samples from the biotite and amphibole zones was taken either as the present measured abundance of chlorite or as the average abundance of chlorite in all analyzed samples from the ankerite-albite and ankerite-oligoclase zones (0-005 mol/1), whichever was smaller. Protoliths to samples from the diopside zone were at Dana Medical Library, University of Vermont on January 28, 2011 petrology.oxfordjournals.org Downloaded from assigned O005 mol/1 chlorite. The composition of quartz, rutile, and albite were taken as SiO 2 , TiO 2 , and NaAlSi 3 O 8 , respectively. The compositions of muscovite, paragonite, chlorite, calcite, and ankerite in protolith were taken as those measured in each sample. For those samples that no longer contain paragonite, muscovite, chlorite, and/or ankerite the average mineral compositions in Tables 2A, 2C , and 2E were used. Amounts of muscovite, paragonite, ankerite, calcite, albite, quartz, and rutile in the protoliths were then initially calculated from a set of mass balance equations that assume metamorphism was isochemical in K, Na, Fe, Mg, Mn, Ca, Ti, Si, and Al:
where i T is the total moles of K, Na, Ca, Ti, Si, Al, and (Fe + Mg + Mn) in the protolith per liter of present rock (from mineral chemical and mineral abundance data like those in Tables  1 and 2 ) and / refers to minerals in the protolith. For all samples from the ankerite-oligoclase zone, and many samples from higher grades, calculated amounts of minerals in the protolith were both positive and reasonable in magnitude. For ~30% of the samples from the biotite zone, 50% from the amphibole zone, and 70% from the diopside zone, however, either calculated amounts of albite were negative and amounts of paragonite larger than observed in the ankerite-albite zone, or calculated amounts of paragonite were negative and the amounts of albite greater than observed. The former case can be explained by loss of Na and/or K during metamorphism; the latter by gain of K and/or Na (cf. Ferry, 1983a Ferry, , 1983b . The failure to recalculate the composition of many high-grade rocks as any commonly observed combination of low-grade minerals is the best evidence for limited alkali mobility during regional metamorphism of the Waits River Formation. Because the proportion of samples with bulk compositions that cannot be recalculated with low-grade mineralogies increases with increasing grade, the degree of alkali metasomatism evidently increased with increasing grade of metamorphism. The alkalis must simply have been locally redistributed on a scale much smaller than that of entire metamorphic zones, however, because there is no significant difference in the average K/Al and Na/Al between the different metamorphic zones.
Ankerite-albite zone protoliths were calculated for samples that experienced alkali metasomatism by assigning them new values of K/Al and Na/Al characteristic of samples at low grades of metamorphism. Correlations are observed empirically between whole-rock K/Al and Mg/Al and between Na/Al and Mg/Al in all metamorphic zones (e.g., Fig. 5 ). Analogous correlations are observed among Na/Al, K/Al, and Ca/Al in similar metamorphic rocks elsewhere in northern New England (Ferry, 1983b, fig. 4 ). The chemical relations imply that amounts of albite were positively correlated with amounts of carbonate and that amounts of muscovite negatively correlated with carbonate in the protoliths, possibly as a result of sedimentary and/or diagenetic processes. Linear least-squares fits were made of K/Al against Mg/Al and Na/AI against Mg/Al for all analyzed samples from each metamorphic zone (Table 4B ; analyses of samples from the ankerite-albite and ankerite-oligoclase zones were combined because there is no evidence for whole-rock chemical differences between the zones). Measured Mg/Al for each metasomatized sample was then used to calculate model K/Al and Na/Al for precursors in the ankerite-albite zone with the appropriate equations in Table 4B . Judging from data illustrated in Fig. 5 , the equations in Table 4B provide a somewhat more accurate method of estimating the K and Na contents of protoliths of metasomatized rocks than, for example, simply assigning to the protoliths the average K and Na content of rocks from the ankerite-albite zone. Finally, mineral abundances in the ankerite-albite zone protoliths were calculated using equation (8) as described previously. Results for five representative samples are listed in Table 5D . Table 4B ). The ankerite-oligoclase zone protoliths to rocks now in the biotite, amphibole, and diopside zones were rocks whose mineralogy was that of samples now in the ankerite-oligoclase zone in which reaction (1) has gone to completion: muscovite, ankerite, calcite, plagioclase, quartz, rutile, chlorite, graphite, and Fe-sulfides (Table 1) . Ankeriteoligoclase zone protoliths were calculated in exactly the same manner as were ankerite-albite zone protoliths with the substitution of CaAl 2 Si 2 O 8 for paragonite in the protolith mineral assemblage. Results for six representative samples are listed in Table 5C .
The biotite zone protoliths to rocks now in the amphibole and diopside zones were rocks whose mineralogy was that of samples now in the biotite zone in which reaction (2) has gone to completion: biotite, chlorite, calcite, plagioclase, quartz, rutile, graphite, Fe-sulfides, and either ankerite or muscovite. Biotite zone protoliths were calculated in the same manner as were ankerite-oligoclase zone protoliths with the following modifications. Biotite was substituted for either muscovite or ankerite in the protolith mineral assemblage (depending on bulk-rock composition). The abundance of chlorite in protoliths of rocks from the amphibole zone was considered either the present measured amount of chlorite or the average abundance of chlorite in all analyzed samples from the biotite zone (O033 mol/1), whichever was smaller. Protoliths to samples from the diopside zone were assigned 0033 mol/1 chlorite. For those samples that no longer contain biotite, the average biotite composition in Table 2B was used. Measured Mg/Al for each metasomatized sample was used to calculate model K/Al and Na/Al in the biotite zone protoliths with the appropriate equations in Table 4B . Results for five representative samples are listed in Table 5B .
The amphibole zone protoliths to rocks now in the diopside zone were rocks whose mineralogy was that of samples now in the amphibole zone in which reactions (2) and (3) have gone to completion: biotite, chlorite, calcite, plagioclase, quartz, rutile, graphite, Fesulfides, and either amphibole or muscovite. Amphibole zone protoliths were calculated in the same manner as were biotite zone protoliths with the following modifications. Amphibole was substituted for ankerite in the protolith mineral assemblage. The abundance of chlorite in protoliths was considered the average abundance of chlorite in all analyzed samples from the amphibole zone (0062 mol/1). The compositions of biotite, calcite, and amphibole in protoliths were taken as the average analyses in Tables 2B, 2D , and 2H. Measured Mg/Al for each metasomatized sample was used to calculate model K/Al and Na/Al in the amphibole zone protoliths with the appropriate equations in Table 4B . Results for five representative samples are listed in Table 5A .
Prograde mineral reactions
The net mineralogical change by which metacarbonate rocks in each zone developed from their lower-grade equivalents is:
where the sum is taken over all minerals; that now occur in a sample (data as in Table 1 ) and over all minerals / in the protolith (calculated values as in Table 5 ). The mineralogical changes were converted to model mineral-fluid reactions by balancing them for C, H, K, Na, and Q with CO 2 , H 2 O, KC1, NaCl, and HC1. Model prograde reactions are listed in Table 6 for the 26 representative samples in Table 1 . Some reactions may be slightly imbalanced with respect to oxygen because of roundoff errors. The reactions effectively exclude small quantities of sulfides and graphite by assumption. The principal chemical effects that accompanied mineralogical transformations in the ankerite-oligoclase and diopside zones are decarbonation and hydration/dehydration. In the diopside zone the amount of CO 2 evolved was significantly greater than evolved H 2 O whereas in the ankerite-oligoclase zone the two volatiles were produced in subequal amounts. In the biotite and amphibole zones, on the other hand, mineral reactions typically involved decarbonation and hydration. Alkali metasomatism associated with the mineral transformations was highly variable. Many samples show no evidence for either alkali loss or alkali gain during regional metamosphism. Some samples appear to have gained both K and Na (e.g., sample 34-1 A, Table 6A ); others lost K and gained Na (e.g., 3-4G, Table 6A ), lost Na and gained K (e.g., 40-1 IB, Table 6B ), or lost both K and Na (no examples in Table  6 ). The variable behavior of the alkalis, inferred from the model prograde reactions, is consistent with no net gain or loss of alkalis in each metamorphic zone as a whole. In general, the losses and gains of volatile alkali species are relatively small on a mole basis compared with losses of CO 2 and H 2 O.
PHYSICAL CONDITIONS DURING METAMORPHISM
Metamorphic pressures and temperatures were calculated from silicate ± carbonate mineral equilibria in 37 samples from 28 sample localities. These included both samples of calcareous schists from the Waits River Formation and pelitic schists and micaceous sandstones from the adjacent Gile Mountain Formation. Complete mineral composition data used in the calculations are presented in Table 7 for 14 of the samples. Biotite, muscovite, ilmenite, clinozoisite, and carbonates in the rocks were homogeneous, and analyses of these minerals in Table 7 represent averages of 5-6 'spot' analyses of 2-3 grains in thin section. Garnet and plagioclase, on the other hand, typically are chemically zoned. Because plagioclase becomes more calcic during progressive regional metamorphism of the Waits River and Gile Mountain Formations (Menard & Spear, 1990) , it was assumed that peak conditions are recorded (or nearly so) by the most calcic analyzed feldspar. Plagioclase compositions in Table 7 therefore represent the average of all analyses for a sample within 0-01 X tn of the most anorthitic measured value. Because the Mn content of garnet tends to decrease during prograde metamorphism and increase during cooling and/or retrograde metamorphism (Tracy, 1982) , it was assumed that peak conditions are recorded (or nearly so) by the least manganiferous analyzed garnet (typically near but not at garnet rims). Garnet compositions in Table 7 therefore represent the average of all analyses for a sample within 0-005 X Ma of the lowest measured spessartine content. Because of the uncertainty of activity-composition relations for components at extreme dilution in silicate solid solutions, only those samples were considered that contain plagioclase with X, n >0-2 and garnet with X Ct >0Oi and X Mt >0-04. In addition, samples containing garnet with Jf Mn >0-2 were discarded. These compositional restrictions reduced the final data set to 28 samples from 23 locations (Fig. 2) . Recent experimental data demonstrate that Ca-Fe and Fe-Mg mixing in garnet is ideal or nearly so (Koziol, 1990a, 19905) . The mixing of spessartine in garnet was also considered ideal for two reasons: (a) experimental data indicate that grossular-spessartine garnets mix ideally within error of measurement (Koziol, 1990a) ; and (b) the similarity of Mn 2+ and Fe 2+ in ionic size and charge. In any case, the effect of Mn on estimated activities of components in the analyzed garnets must be small because of the garnets' relatively low Mn contents (Table 7Q . The activity-composition model adopted for aluminous Fe-Mg-Ca-Mn garnets therefore was that of Hodges & Spear (1982) , the preferred solution model for garnet in several recent studies in mineral thermobarometry (e.g., Kohn & Spear, 1989 Hoisch, 1990) and one that satisfactorily reproduces experimentally determined values of grossular activity in Ca-Fe-Mg garnets (Koziol & Newton, 1989) . The activity coefficient for anorthite component in plagioclase was taken as two (Carpenter & Ferry, 1984, table 3 ). All other silicate solid solutions were assumed ideal ionic solids (Ferry, 1976 (Ferry, , 1987 . Metamorphic fluids were nearly binary CO 2 -H 2 O mixtures (see below). Activity-composition relations adopted for CO 2 -H 2 O fluid were those of Kerrick & Jacobs (1981) .
Pressure
Pressure was calculated from five independent mineral equilibria. New thermodynamic data for two of the equilibria, plagioclase-kyanite-quartz-garnet and garnet-rutileplagioclase-quartz-ilmenite, were derived following the method of Ferry (1976) from experimental phase equilibrium data assuming ideal Ca-Fe mixing in almandine-grossular garnet (Geiger et a/., 1987; Koziol, 1990a) . Results (Table 8 ) represent a set of Ai7°, AS", and AV° values that is consistent with all experimental data of Cohen & KJement (1967) , Holdaway (1971) , Goldsmith (1980) , Bohlen et al. (1983) , Bohlen & Liotta (1986) , Koziol & Newton (1988) , and Koziol (1990a) . The other three equilibria and their calibrations are given in the footnote to Table 9A . Pressures calculated for selected samples that preserve the garnet-muscovite-biotite-plagioclase equilibrium using Hoisch's (1990) calibration differ by ~0-3 kb from calculated values using Hodges & Crowley's (1985) calibration. For samples that record two or more different and independent estimates of pressure, the estimates usually agree within ± 1 kb (Table 9A ). For 14 samples that preserve both the garnet-muscovite-biotite-plagioclase and gamet-rutile-plagioclase-quartz-ilmenite equilibria, for example, the average difference is remarkably small, 0-2 kb. Judging from results in Table 9A , there do not appear to be differences in pressure in the area of Fig. 2 greater thañ ± 1 kb. This conclusion is consistent with both the bathograd pattern for New England of Carmichael (1978) , which shows a broad region of elevated but uniform pressure centered on the area in Figs. 1 and 2 (bathozone 5) , and recent detailed studies in the vicinity of the Strafford dome, which conclude that pressure variations are ~ ± 1 kb (e.g., Barnett, 1990) . Because of the relatively small variation in calculated pressure and the good agreement among different geobarometers (Table 9A ), a single pressure (7 kb) was assigned to the entire area that corresponds to the average of values recorded by the most widespread mineral barometer, garnet-muscovite-biotite-plagioclase. The estimated uncertainty in the average pressure is ~ ± 1 kb.
Temperature
Temperature was calculated from five different mineral equilibria (see footnote to Table  9B for equilibria and their calibrations), mineral composition data (Tables 2 and 1\ activity-composition relations for minerals discussed previously, and a pressure of 7 kb. Results for individual samples are listed in both Tables 2D and 9B. For samples that record two or more independent estimates of temperature, the different estimates usually agree (Ferry & Spear, 1978; Berman, 1988 within ~25°C (Table 9B) . As indicated by the average of temperatures recorded by all analyzed samples within each metamorphic zone (Table 9B) , there are relatively small but systematic differences in peak temperature between the zones. Because the difference in temperature between the ankerite-albite and diopside zones was < ~ 100 °C, single values of temperature were assigned to each metamorphic zone based on the mean values listed in Table 9B : ankerite-albite zone, 480 °C; ankerite-oligoclase zone, 500°C; biotite zone, 530 °C; amphibole zone, 545 °C; and diopside zone, 575 °C.
Except for all results of biotite-garnet geothermometry and results of calcite-ankerite thermometry in the ankerite-albite zone, the standard deviation of mean temperatures for each zone is 9-31 °C (Table 9B) . Based on this range in standard deviations, an uncertainty of ± 25 °C was assigned to mean temperatures for each metamorphic zone listed in Table 9B . The larger standard deviation of the mean biotite-garnet temperatures suggests that this thermometer (as well as the calcite-ankerite thermometer at low grades) is inherently less precise than the others.
Fluid composition
The mole fraction of CO 2 in CO 2 -H 2 O fluid {XQQJ coexisting with the metacarbonate rocks during peak metamorphism was calculated from five independent mineral-fluid equilibria (see footnote to Table 10 for equilibria and their calibration), mineral composi- • Calculated from mineral-fluid equilibria assuming CO 2 -H 2 O fluid at P = Pftau = 7 kb using the thermodynamic data base of Berman (1988) Toulmin & Barton (1964) .
at Dana Medical Library, University of Vermont on January 28, 2011 trology.oxfordjournals.org tions, activity-composition relations, P nulli = P tou i = 7 kb, and the average peak temperature assigned to each metamorphic zone. Calculations followed established procedures (e.g., Ferry & Burt, 1982; Ferry & Baumgartner, 1987) . Results for all 21 of the samples from the ankerite-oligoclase, biotite, amphibole, and diopside zones in Table 1 are listed in Table 10.  Table 10 also contains average calculated XQQ^ at peak metamorphic conditions for all analyzed samples from the same four metamorphic zones. Fluid during metamorphism of the Waits River Formation was H 2 O-rich at all grades of metamorphism, X COl^i ~0-2. The average value of X COl initially increases with increasing metamorphic grade from ~0-03 in the ankerite-oligoclase zone to ~ 0-14 in the biotite zone to ~0-20 in the amphibole zone. With further increase in metamorphic grade, however, XQQ^ drops to ~0-07 in the diopside zone.
To confirm that peak equilibrium metamorphic fluids can be well approximated by CO 2 -H 2 O mixtures, the activities of the most abundant reduced C-O-H-S fluid species (CH 4 , CO, H 2 , H 2 S) were computed from graphite-pyrrhotite-fluid equilibria using the procedure described in the footnote to Table 11 and the activities of CO 2 and H 2 O constrained by the carbonate-silicate-fluid equilibria listed in the footnote to Table 10 . Calculations were made for the entire range of X COl values recorded by analyzed samples in each metamorphic zone. Results (Table 11 ) demonstrate that C-O-H-S species other than CO 2 and H 2 O constitute < ~ 1 mol % of the fluid and can be safely neglected.
FLUID-ROCK INTERACTION DURING METAMORPHISM
Calculation of time-integrated fluid flux
With increasing temperature during regional metamorphism of the Waits River Formation, marls experienced mineral reactions that produced a volatile mixture with CO 2 /(CO 2 + H 2 O)5:0-5 (Table 6) . Mineral assemblages developed which record that rocks were in equilibrium at the same time with an H 2 O-rich CO 2 -H 2 O fluid with A r COl <0-2 (Table 10) . The production of a CO 2 -rich volatile mixture in rocks that record equilibrium with an H 2 O-rich fluid during metamorphism is common (Ferry, 1986) . The phenomenon is explained by infiltration of rock by aqueous fluids while the reactions proceeded, and is the petrologic fingerprint of metamorphic fluid-rock interaction. In the specific case of regional metamorphism of the Waits River Formation, the observed phenomenon indicates that carbonate rocks were infiltrated by aqueous fluids over an enormous area in northern New England during the Acadian orogeny (Fig. 1) .
A model has recently been developed to estimate time-integrated fluid fluxes from petrologic data on rocks like the Waits River Formation that have undergone infiltrationdriven metamorphism (Ferry, 1989; Baumgartner & Ferry, 1991; Ferry & Dipple, 1991) . Specifically, the relation between the molar Darcy fluid flux, integrated over the duration of flow and reaction (<j M , mol fluid/cm 2 rock), and the moles of volatile species produced or consumed (n h n s mol/cm 3 rock) is where X, is the mole fraction of any species i in fluid, dT/dz is the temperature gradient along the direction of flow (z-coordinate), and the sum is taken over all fluid species j (including i) that participate in the reaction. The term dP/dz refers to the change in total fluid pressure along the flow path, and is not the same as the piezometric fluid pressure gradient that drives the fluid flow. Equation (10), in fact, contains no fluid mechanics and is derived strictly from a statement of mass balance in the fluid-rock system (Baumgartner & Ferry, 1991) . Meaningful application of equation (10) therefore is not in any way predicated on an understanding of the physical processes that cause flow to occur. Time-integrated fluxes, recorded by measured progress of each reaction experienced by analyzed samples from the Waits River Formation, were calculated from equation (10). Species i was chosen as CO 2 . Values of n^, n HlO , n Ka , n N , CT , and n HCl were taken from the reconstructed prograde reactions for each sample (e.g., results in Table 6 ). Values for (dXcoJdl^p and (dX co JdP) T for every sample were calculated from equilibria based on reactions (l)- (5) as described in the footnote to Table 10 [representative and average (d x coJdT)r are listed in Table 10 ]. Before time-integrated fluxes can be computed, dT/dz and dP/dz must be evaluated, which, in turn, requires that the direction of metamorphic fluid flow be assessed. Three possibilities were considered: upward near-vertical flow, downward near-vertical flow, and subhorizontal flow. The coordinate system defined by equation (10) is z increasing in the direction of flow. The sign of q M therefore is positive. Because A^ was small during regional metamorphism of the Waits River Formation (Table 10) 3 (dT/dz)>0. Near-vertical upward flow of fluids during metamorphism, however, is generally characterized by dT/dz <0 and is therefore inconsistent with the observed prograde decarbonation reactions. The conclusion is valid for all geothermal gradients other than 30°C/km thought to be representative of Barrovian regional metamorphism, ~ 15-50 °C/km (Fyfe et al., 1978) . The conclusion would be invalid only if the geothermal gradient were lower than those believed attained in continental crust [e.g., below a minimum value of 6°C/km cited by Winkler (1976) ]. There are persuasive arguments, based on fluid mechanics, against fluid flow with a significant downward component in deep, near-lithostatically pressured crust (Walther & Orville, 1982; Walther & Wood, 1984; Wood & Graham, 1986) . By default, the most likely geometry of metamorphic fluid flow in the Waits River Formation is flow in a subhorizontal direction. The geometry may have been similar to that of fluid flow in large sedimentary basins (e.g., Garven & Freeze, 1984) .
For subhorizontal flow, (5A r CO2 /3P) T (dP/dz) <i (dXcoJdTjpidT/dz). Consequently, equation (10) was applied assuming (dX co JdP) T (dP/dz)=0. There must, of course, have been a finite piezometric fluid pressure gradient for the fluid to have flowed. The assumption that (dX CO2 /dP) T (dP/dz) = 0 does not discount the existence of that piezometric pressure gradient nor does it imply that fluid can somehow flow in the absence of a pressure gradient. The assumption simply states that the chemical effect of changing pressure along the flow path is negligible compared with the chemical effect of changing temperature along the flow path [because typically (dX co JdP) T <(dX co JdT) P ']. If (dXco 2 /dP) T (dP/dz)~0, dT/dz>O and fluid flow must have been in the direction of increasing temperature. With reference to Figs. 3 and 4, flow was most likely from the low-grade, colder flanks of the metamorphic highs into the high-grade, high-temperature axial regions. A value of d77dz = 10°C/km in equation (10) was estimated from the metamorphic field gradient in the vicinity of the Strafford dome where peak temperatures are best constrained (Fig. 2, Table 9B ). Time-integrated mole fluxes, recorded by progress of all of the reactions that each sample experienced during prograde metamorphism, were calculated. If a reaction was frozen in a sample [e.g., reaction (3) in rocks from the amphibole zone], compositions of minerals in the sample were used to calculate A^ and {dX^Jdl^p for that reaction. Values of X COj and (dXcoJdJ^p for reactions that occurred earlier and that had gone to completion [e.g., reactions (1) and (2) for rocks in the amphibole zone] were taken as the average calculated values in lower-grade zones [e.g., average ankerite-oligoclase zone values for reaction (1); average biotite zone values for reaction (2)]. The computations effectively assume that highgrade samples experienced during progressive metamorphism the same reactions and T-XQQ^ conditions as those preserved in lower-grade samples. Although this probably was not precisely the case, a better procedure could not be devised. Time-integrated mole fluxes recorded by each reaction were converted to time-integrated volume fluxes using the molar volume of CO 2 -H 2 O fluid of appropriate composition at the appropriate P-T conditions. The total time-integrated flux (q T ) for each sample is the sum of fluxes calculated for each reaction.
Calculated results for the 26 samples in Table 1 are listed in Table 12A . A potential concern about calculated results is the degree to which they depend on the inferred P-T conditions of mineral-fluid reaction (cf. Wood & Graham, 1986) . The effect of different temperatures and pressures of reaction is explicitly evaluated for the average of all samples in each metamorphic zone (Table 12B) . Except in the ankerite-oligoclase zone, in which fluxes are small in any case, variations in temperature of ± 25 °C or in pressure of ± 1 kb correspond to an error in time-integrated flux of approximately a factor of two. For variations in temperature and pressure of ± 50 °C and ± 2 kb, errors in time-integrated flux in the biotite, amphibole, and diopside zones are approximately a factor of 4-5. Considering the magnitude of q T , calculated values therefore appear to be fairly robust. Furthermore, if inferred P-Tconditions of reaction are in error, changes in P would be coupled with changes in T of the same algebraic sign (dP/dT is positive for most equilibria used in mineral thermobarometry). Because increases in pressure tend to counteract the effects of increasing temperature in calculations of q T , uncertainties in q T as a result of uncertainties in P-T conditions are even less than implied by results in Table 12B . Although dP/dz was ignored in the calculations of time-integrated flux, it must have been non-zero and negative if fluid flowed during metamorphism. Table 12B also explicitly evaluates the effect of a modest value of dP/dz (-15 b/km) on calculated values of q T . The effect is small; results are reduced by -20%.
Values of total time-integrated flux for all analyzed samples were plotted on a map of the study area and contoured (Figs. 6 and 7) . The calculations are with reference to mineral reactions at the ankerite-oligoclase isograd and at higher grades. All samples from the ankerite-albite zone therefore record zero flux by definition. The total range of calculated values at higher grades is between ~0 and 11 x 10 6 cm 3 /cm 2 and can be divided into five contour intervals (including the ankerite-albite zone). The robustness of the contours can be evaluated by consideration of results for six sample localities at which two or more different samples were collected and analyzed (see captions to Figs. 6 and 7 for locations). Results for the six locations suggest that variations in time-integrated flux may be up to a factor of ~ 2 within individual exposures of the Waits River Formation. Nevertheless, at four of the locations, calculated values of q T for all samples fall within the appropriate contour interval. At one locality results for three out of four samples plot within the appropriate interval and at another locality two out three plot appropriately. The variations in q T at individual sample localities therefore are not sufficiently large that a different sample set would produce a significantly different geometry of contours. Figs. 6 and 7. The similarity between Figs. 3 and 6 and between Figs. 4 and 7 emphasizes the good correlation between metamorphic grade and time-integrated flux. Generally, the higher the metamorphic grade, the greater the flux that a particular sample records. The isograd map therefore contains valuable qualitative information about the geometry of fluid flow in the Waits River Formation. The carbon and oxygen isotopic composition of the Waits River Formation in the vicinity of the Strafford dome (Fig. 1) (Barnett & Chamberlain, 1991) . The stable isotopic data complement the petrologic evidence from this study that aqueous fluids infiltrated and reacted with the formation during regional metamorphism. In contrast to the results of this study, however, Barnett & Chamberlain (1991) concluded from the magnitude of fluid-rock ratios calculated from isotopic shifts and reaction progress that the amount of flow was small. They further concluded from mass balance calculations that the apparently small amount of fluid could be supplied from dehydration of the adjacent Gile Mountain Formation and Standing Pond Volcanics, and that flow distances may not have been more than several hundred meters. Their conclusions may be questioned for two reasons. First, fluid-rock ratios are an imperfect measure of amounts of fluid flow (Baumgartner & Ferry, 1991) . Until Barnett & Chamberlain's isotopic and petrologic data are reinterpreted in terms of a time-integrated fluid flux, the meaning of the data as a measure of amounts of fluid is uncertain. Second, their conclusions ignore petrologic evidence that the Gile Mountain Formation and metamorphosed mafic volcanic rocks nearby, such as the Standing Pond Volcanics, themselves were infiltrated by aqueous fluids during Acadian regional metamorphism. Measured progress of prograde decarbonation reactions in outcrop Q-l of the Gile Mountain Formation (Ferry, 1988 (Ferry, , fig. 2, p. 1124 , similar to those recorded by reaction progress in the adjacent Waits River Formation (Ferry & Dipple, 1991) . Future work should be devoted both to integrating the carefully collected isotopic data of Barnett & Chamberlain (1991) with petrologic data for the Waits River Formation in light of transport theory and to better integrating data from the Gile Mountain and Waits River Formations into a consistent model for regional metamorphic fluid flow in the area.
Quartz veins
The pattern of time-integrated flux (Figs. 6 and 7) and the inferred direction of metamorphic fluid flow implies that metamorphic fluids flowed subhorizontally from the western and eastern flanks of the antiforms in towards the axes. The fluids ought to have later flowed out of the metamorphic terrane somewhere in the axial regions of the antiforms. Quartz veins appear to record the exit channels. The concentration of quartz veins increases dramatically from the flanks to the axes of the antiforms, and the relation was quantitatively characterized by measuring the volume of quartz veins in 11 outcrops along a transect from the western edge of the Willoughby-Chester antiform to its axis (Fig. 6) . The westernmost exposure contained almost no quartz veins, ~O01 %. Quartz abundance increased eastward to values in the range 10-15% in the axis of the antiform.
Because quartz veins are absent from low-grade rocks and abundant in high-grade rocks, they almost certainly developed during prograde metamorphism. Equation (10) can be used with the calculated solubility of quartz in aqueous fluid to interpret the formation of quartz veins in terms of flow direction and time-integrated flux (Ferry & Dipple, 1991) . Because the temperature dependence of quartz solubility is much larger than its pressure dependence, precipitation of quartz from flowing fluid occurs during fluid flow in a down-temperature direction except under extraordinary circumstances. Within the axial regions of the antiforms, quartz veins therefore probably record upward and down-temperature fluid flow. For crust with a normal geothermal gradient (30°C/km) and for relevant P-T conditions (7 kb, 550 °C) the time-integrated fluid flux required to form the quartz veins is of the order of 10 8 cm 3 /cm 2 ( fig. 2 of Ferry & Dipple, 1991) . Considering that quartz veins compose ~ 10% by volume of the axial regions of the antiforms, the time-integrated exit flux is 
GIANT REGIONAL METAMORPHIC HYDROTHERMAL SYSTEMS
Geometry of fluid flow
Prograde mineral reactions and quartz veins in the Waits River Formation define coupled and complementary patterns of metamorphic fluid flow. Taken together they define two giant metamorphic flow systems at a deep level in the crust (~ 25 km). One hydrothermal system is associated with the Willoughby-Chester antiform; the other with the Shelburae Falls-Waterbury antiform. In map view (Figs. 6 and 7) fluids flowed subhorizontally away from the low-grade, low-temperature flanks of the antiforms towards their axes. As fluids flowed up-temperature they drove prograde mineral reactions. Once fluids reached the hightemperature axial regions of the antiforms, they flowed vertically upward and downtemperature out of the metamorphic system along fractures. As fluids flowed out of the system they precipitated quartz veins. The relationship between isotherms, flow paths, prograde reactions, and quartz veins in the hydrothermal systems is illustrated in Fig. 8 regional metamorphic hydrothermal systems are very similar to mid-ocean ridge hydrothermal systems both in size and geometry of fluid flow (e.g., Gregory & Taylor, 1981; Mottl, 1983; Bowers & Taylor, 1985) .
Synmetamorphic plutonism and fluid flow
The regions of highest time-integrated fluid flux in the Waits River Formation are centered on synmetamorphic granitic intrusions (Figs. 6 and 7) . Along the axes of the antiforms, fluid flow evidently was further focused towards the plutons where the geometry of flow may have been similar to that inferred for epizonal pluton-driven hydrothermal systems (Norton & Knight, 1977; Taylor, 1977) . The regional metamorphic hydrothermal systems in the vicinity of the intrusions are different from those along other parts of the axes of the antiforms both in terms of time-integrated flux and fluid composition. The average fluid composition in the axial regions of the antiforms is X CO2~0 -2, whereas adjacent to the plutons XQQ^^O-OI (Table 10 ). The average time-integrated flux along the axes of the antiforms is ~2 x 10' cm 3 /cm 2 , whereas adjacent to the plutons it is ~6 x 10 s cm 3 /™ 2 (Table 12B ). The differences imply that close to the plutons fluids from the regional metamorphic system mixed with very low-Ac^ fluid from an additional source. One source of low-Acoj fluid could have been the crystallizing granitic magmas; fluids from other as yet unrecognized sources were probably involved as well. Although the details of mixing are unknown, both the differences in fluid composition and time-integrated flux can be quantitatively explained by such a process. If 2x 10 3 cm 3 /cm 2 fluid of ^co 2 =0-2 were mixed with 4 x 10 5 cm 3 /cm 2 fluid of X CO:i =0, the result would be 6 x 10 5 cm 3 /cm 2 fluid of XQQZ = 0-07, estimated values for the regions adjacent to the plutons.
Quantitative evaluation of recharge and discharge
Progress of prograde mineral reactions records the recharge of the metamorphic hydrothermal system, and the abundance of quartz veins in the axial region records the discharge (Fig. 8) . If the model in Fig. 8 is correct, the total volume of the recharge should match that of the discharge. The best estimate of recharge is the time-integrated fluid flux recorded by metacarbonate rocks in the axial regions of the antiforms (~ 2 x 10 5 cm 3 /cm 2 , Table 12B ). The value, however, is a minimum estimate because metacarbonate rocks, by the methods used in this study, did not begin recording metamorphic fluid flow until they reached temperatures of ~ 500°C. The recharge presumably occurred throughout the crust; taking 50 km as an estimate of the thickness of buried crust beneath the present level of exposure during metamorphism, the total recharge was > ~2 x 10 12 cm 3 fluid per cm of the hydrothermal system measured parallel to the axis of the antiforms (i.e., perpendicular to the plane of Fig. 8 ). An order-of-magnitude estimate of the width of the quartz-rich axial region of the antiform is 10 km. Considering a discharge flux of 10 7 cm 3 /cm 2 in the formation of quartz veins, the total discharge was ~10 13 cm 3 fluid per cm parallel to the axis of the antiforms. The estimate of total discharge is probably a maximum estimate because some quartz veins may be of local origin rather than precipitated from through-flowing fluids. Nevertheless, the agreement between estimates of total recharge and total discharge is surprisingly good and supports the general pattern of fluid flow depicted in Fig. 8 .
Recent geochronologic work suggests that the duration of garnet porphryoblast growth during Acadian regional metamorphism in southern Vermont was ~(10±3)x 10 6 yr (Christensen et al., 1989) . If this time is equivalent to the duration of fluid flow, the volume flux through the giant metamorphic hydrothermal systems was ~(2-10) x 10 5 cm 3 fluid per cm of the hydrothermal system per year. At the P-T conditions inferred for regional metamorphism, the density of metamorphic fluids with compositions like those in Table 10 is ~ 1 g/cm 3 , and the mass flux is ~(2-10) x 10 s g/cm yr. If the duration of flow were an order of magnitude less, the flux would be an order of magnitude larger. The regional metamorphic flux can be compared with the mid-ocean ridge (MOR) hydrothermal flux by dividing the total annual MOR flux, ~4xl0 17 g/yr (Wolery & Sleep, 1976; Sleep & Wolery, 1978; Edmond et ai, 1979) by the total length of the global mid-ocean ridge system, 75 000 km (Haymond & Macdonald, 1985) . The estimated MOR mass flux is ~5 x 10 7 g/cmyr. For a duration of regional metamorphic fluid flow as long as 10 7 yr, the metamorphic flux is <~2% of the MOR flux. If the duration of flow were <10 7 yr (Chamberlain & Karabinos, 1987) , however, the metamorphic flux would not be an insignificant fraction of the MOR flux.
Timing of fluid flow, quartz veins, and prograde reactions
Quartz veins are deformed by minor folds that correlate with pre-dome folding (D 2 of Woodland, 1977) . The peak of metamorphism in the study area post-dates D 2 folding and is either synchronous with or slightly older than formation of the domes and antiforms (Woodland's D 3 ). The quartz veins at the present level of exposure therefore formed at a relatively early stage in the metamorphic event, before peak conditions. Quartz veins at the present level of exposure therefore must represent the discharge of fluids from deeper portions of the crust that flowed out of the system at times earlier than the metamorphic peak at the present level. More specifically, the field and structural observations suggest that the peak of metamorphism was attained deep in the crust while deformation was still occurring at the present level. Before they entered the axial region of the antiforms, fluids from deeper in the crust would have driven prograde devolatilization reactions at that deeper level (Fig. 8) . The asynchronism of quartz veins and the peak of metamorphism at the present level of exposure imply that regional metamorphism initiated at deep levels of the crust and that peak conditions moved upward with time ( Fig. 8) , consistent with simple thermal models of regional metamorphic terranes (e.g., Walther & Orville, 1982; Peacock, 1989) .
Fluid flow and heat flow
The large calculated time-integrated fluxes raise the possibility that flowing fluid may have been a significant transport agent of heat during regional metamorphism. The possibility can be quantitatively evaluated by calculating the non-dimensional B parameter (Peclet number) of Brady (1988) . For values of B> 1 fluid flow is important in heat transport whereas for B < 1 it is not. Using generalized values of thermal conductivity (2-5 J/m s deg) and the product of fluid density and heat capacity (3-5 x 10 6 J/m 3 deg) recommended by Brady and a length scale of flow of the order of 10 km (commensurate with the size of the hydrothermal system in Figs. 6 and 7) , B can be calculated given a Darcy velocity of the flow. Average Darcy velocity may be estimated as time-integrated flux divided by the duration of flow. If the duration of metamorphic fluid flow is conservatively taken as 10 7 yr, the average Darcy velocity associated with formation of quartz veins was ~1 cm 3 /cm 2 yr, and the average Darcy velocity associated with peak prograde mineral reactions was 0O2 cm 3 /cm 2 yr. The value of B for flow associated with quartz veins is ~4; the value of B associated with prograde reactions is ~0-l. Fluid flow that precipitated quartz veins also carried heat from the lower crust. .The calculated value of B for flow associated with quartz veins implies that fluid flow probably was a significant factor in the development of the thermal anomaly which now coincides with the axes of the antiforms (see Figs. 3 and 4) . In contrast, the subhorizontal flow recorded by the prograde reactions was small enough that it almost certainly did not have a significant thermal effect. The same conclusions are reached if the relationship between heat transfer and fluid flow is analyzed with fig. 6 of Bickle & McKenzie (1987) rather than using the approach of Brady (1988) . It is probably no coincidence that the axes of the antiforms are thermal and metamorphic highs as well as fluid flow highs-flowing fluids in the axial regions of the antiforms probably transported the heat necessary to make them hot, high-grade regions of the crust.
Fluid sources and driving forces of regional metamorphic fluid flow
Because equation (10) is a statement of mass balance, its successful application does not depend on a detailed knowledge of either the source of the recharge or the driving force(s) for fluid flow. The large values of calculated time-integrated flux, nevertheless, prompt some comment about sources and driving forces. Because little is known about these aspects of fluid flow in the deep crust, the comments are necessarily speculative. The inferred flow path of the recharge fluid is subhorizontal (Fig. 8) . Two possible fluid sources along such a path are envisioned. First, the fluid could be derived from mineral dehydration reactions at grades lower than the ankerite-albite zone. For example, if very low-grade reactions involving the conversion of smectite and/or illite to muscovite and chlorite released 1-2% H 2 O by weight, a time-integrated fluid flux of 2 x 10 5 cm 3 /cm 2 in the amphibole zone could be derived from 38-77 km of dehydrated rock upstream (assuming rock and fluid densities of 2-6 and 1 g/cm 3 , respectively). Alternatively, if rocks along the flow path far from the axes of the antiforms contained 1% fluid-filled porosity, a time-integrated flux of 2x 10 5 cm 3 /cm 2 in the amphibole zone could result from flow of that pore fluid for a distance 200 km out of the recharge area into the antiforms. Either possible source implies that regional metamorphic fluid flow occurred over distances commensurate with those in large sedimentary basins (e.g., Garven & Freeze, 1984) . The additional input of low-X^^ fluid immediately adjacent to the synmetamorphic plutons is problematic. Although one source may have been magmatic fluids released by the crystallizing granitic magmas, mass balance calculations indicate that even if the magmas initially contained 10% H 2 O by weight, the plutons would have to be ~60 km in diameter to provide a sufficient quantity of low-A 1^ fluid. The source of fluids in the vicinity of the plutons remains an enigma.
The regional metamorphic fluid flow is believed to be driven by buoyancy forces generated by the horizontal temperature gradients in the terrane. In this regard, driving forces may be analogous to those that drive the geometrically similar fluid flow patterns at mid-ocean ridges. Buoyancy-driven flow requires that fluid pressure was less than lithostatic pressure, which formally is inconsistent with calculations of fluid composition that assume lithostatic fluid pressure (Table 10) . The good agreement, however, between mean temperatures for the biotite and amphibole zones based on mineral equilibria that do not involve volatile components (7\ and T 2 , Table 9B ) and those that do (J 3 and T A , Table 9B) implies that the difference between fluid pressure and lithostatic pressure during regional metamorphism was not great. Theoretical models of fluid flow in sedimentary basins predict that flow with a significant horizontal component can occur in regions where fluid pressure is greater than hydrostatic but less than lithostatic (e.g., Harrison & Summa, 1991) . Similar circumstances are envisioned for metamorphic hydrothermal activity in the Waits River Formation. The two regional metamorphic hydrothermal systems identified in this study are unlikely to be the only ones in New England. A recent structural map of the area (Osberg et al., 1989) shows two antiforms in New Hampshire the same age as and subparallel to the Willoughby-Chester and Shelburne Falls-Waterbury antiforms: the Bronson Hill and the Central New Hampshire anticlinoria [the name of the second anticlinorium is from Eusden (1988) ]. The axis of the Bronson Hill anticlinorium is decorated with domes as are the axes of the Willoughby-Chester and Shelburne Falls-Waterbury antiforms. Features indicative of intense synmetamorphic fluid flow have been reported along both the antiforms in New Hampshire. The Beaver Brook fossil locality, at which there is both oxygen isotope and petrologic evidence for fluid flow, is located ~ 5 km east of the axis of the Bronson Hill anticlinorium (Rumble et al, 1982) . Reassessment of the petrologic data for the Beaver Brook locality leads to estimates of time-integrated metamorphic fluid flux of 10 6 cm 3 /cm 2 (Ferry & Dipple, 1991) . The Belchertown pluton in west-central Massachusetts intruded along the axis of the Bronson Hill anticlinorium as an anhydrous pyroxene quartz monzodiorite but was almost completely altered by an influx of aqueous fluid during regional metamorphism to a pyroxene-free hornblende-biotite-epidote gneiss (Ashwal et al., 1979) . Numerous metamorphic 'hot spots' were reported by Chamberlain & Rumble (1988 along or near the axis of the Central New Hampshire anticlinorium (Eusden, 1988; J. B. Lyons, pers. comm. 1991 ). Chamberlain & Rumble attributed the 'hot spots' to focused flow of fluids through the crust during regional metamorphism. Each of these studies suggested that metamorphic hydrothermal systems developed along the two anticlinoria in New Hampshire as they did along the Willoughby-Chester and Shelburne Falls-Waterbury antiforms in Vermont.
The localized intensity of metamorphic hydrothermal activity around the Black Mountain and Knox Mountain plutons (Figs. 6 and 7) may be an analog for the 'hot spots' in New Hampshire described by Chamberlain & Rumble (1988 . The 'hot spots', several tens of km 2 in area, are thermal and metamorphic highs (Chamberlain & Rumble, 1988) , loci of intense quartz veining (Rumble & Hoering, 1986) , and sites of anomalously low whole-rock 18 O/ 16 O (Chamberlain & Rumble, 1988) . Ion-microprobe dating of zircons in the quartz veins unequivocally demonstrates that the veins were emplaced during Acadian regional metamorphism (Zeitler et al., 1990) . The 'hot spots' are interpreted as loci of focused synmetamorphic fluid flow (Chamberlain & Rumble, 1989) . The diopside zones adjacent to the synmetamorphic plutons in Vermont likewise are several tens of km 2 in area, thermal and metamorphic highs ( Figs. 3 and 4 ; Table 9B ), loci of intense quartz veining and high fluid flux (Figs. 6 and 7) , and sites of calcite with anomalously low 18 O/ 16 O and 13 C/ 12 C (C. P. Chamberlain, pers. comm., 1990) . The 'hot spots' in New Hampshire may be related to passage of granitic magmas through the crust like those crystallized in the Black Mountain and Knox Mountain plutons. Because geophysical data [discussed by Chamberlain & Rumble (1988) ] do not reveal plutons buried beneath the 'hot spots', the 'hot spots' may represent locations where plutons passed through the crust at the present level of exposure during the Acadian orogeny [a possibility also mentioned by Chamberlain & Rumble (1989) ]. The magmas were then emplaced at shallower levels, and are now eroded away. In Vermont the 'hot spots' were exhumed to just the right level that their associated plutons are preserved and now exposed. CONCLUSIONS The Waits River Formation, eastern Vermont, has provided an opportunity to investigate the nature, geometry, and controls on regional metamorphic fluid flow at a scale com- , developed at deep crustal levels (~ 25 km) along the axes of major antiforms. Metamorphic fluids flowed subhorizontally from the cold flanks of the antiforms into the hot axial regions and drove prograde decarbonation reactions as they went. Fluid flow was further focused along the axes towards synmetamorphic granitic intrusions. Once in the axial regions, the fluids flowed down-temperature vertically out of the metamorphic terrane and precipitated quartz veins. The magnitude of the recharge away from the plutons (recorded by the progress of prograde devolatilization reactions) and the magnitude of discharge (recorded by the density of quartz veins in the axial regions of the antiforms) nearly match, ~(2-10)x 10 12 cm 3 fluid per cm crust measured parallel to the axis of the structure. The flux in the axial regions of the antiforms was sufficiently large that flowing fluid was a significant transport agent of heat. The elevated fluid flow may explain why the axes of the antiforms are thermal as well as structural highs. The hydrothermal systems were different close to the plutons compared with further away along the axes of the antiforms in two ways: (a) progress of mineral reactions records higher values of timeintegrated fluxes; and (b) mineral-fluid equilibria record that fluids were relatively H 2 O rich and CO 2 poor. Both differences can be explained by mixing in the vicinity of the plutons of metamorphic fluid ofX CO2~0 -2, derived from observed devolatilization reactions, with fluid of X CO2~0 from another source (possibly, in part, derived from crystallization of hydrous granitic magmas) in the approximate volume ratio of 1:2.
